Vascular endothelial growth factor (VEGF) plays a key role in physiological blood vessel formation and pathological angiogenesis such as tumor growth and ischemic diseases. Hypoxia is a potent inducer of VEGF in vitro. Here we demonstrate that VEGF is induced in vivo by exposing mice to systemic hypoxia. VEGF induction was highest in brain, but also occurred in kidney, testis, lung, heart, and liver. In situ hybridization analysis revealed that a distinct subset of cells within a given organ, such as glial cells and neurons in brain, tubular cells in kidney, and Sertoli cells in testis, responded to the hypoxic stimulus with an increase in VEGF expression. Surprisingly, however, other cells at sites of constitutive VEGF expression in normal adult tissues, such as epithelial cells in the choroid plexus and kidney glomeruli, decreased VEGF expression in response to the hypoxic stimulus. Furthermore, in addition to VEGF itself, expression of VEGF receptor-1 (VEGFR-1), but not VEGFR-2, was induced by hypoxia in endothelial cells of lung, heart, brain, kidney, and liver. VEGF itself was never found to be up-regulated in endothelial cells under hypoxic conditions, consistent with its paracrine action during normoxia. Our results show that the response to hypoxia in vivo is differentially regulated at the level of specific cell types or layers in certain organs. In these tissues, up-or down-regulation of VEGF and VEGFR-1 during hypoxia may inf luence their oxygenation after angiogenesis or modulate vascular permeability.
Mammals respond to reduced oxygen concentrations (hypoxia) in many different ways at the systemic, local, and cellular levels. Adaptations at the systemic level include an increase in ventilation and the oxygen-transport capacity by enhanced erythropoiesis, which depends on the concentration of erythropoietin in the blood (reviewed in ref. 1) . At the cellular level, survival of the individual cell under hypoxic conditions is governed by induction of glycolytic enzymes, facilitating ATP production by glycolysis rather than by oxidative phosphorylation. Induction of vascular endothelial growth factor (VEGF) is an example of local adaptation to hypoxia. In tissues suffering from insufficient oxygen supply, neovascularization aimed to increase perfusion and, hence, to improve tissue oxygenation, is thought to be mediated by VEGF.
VEGF is a major inducer of angiogenesis during development. It binds to two endothelial tyrosine kinase receptors, VEGF receptor-1 (VEGFR-1) (Flt-1) and VEGFR-2 (Flk-1͞ KDR). In the adult, VEGF activity is associated with induction of endothelial fenestrations, vascular permeability (2-4), and physiological angiogenesis, for example during the female reproductive cycle or in wound healing. Pathological angiogenesis is also connected to the up-regulation of VEGF expression, which occurs in ophthalmic and rheumatic diseases, ischemia, and tumor growth (reviewed in ref. 5) .
Tissue hypoxia is a common feature in all these diseases and may play a role in their pathogenesis. Indeed, hypoxia is a strong inducer of VEGF mRNA expression in a variety of normal and transformed cells in vitro (6) (7) (8) (9) (10) . The increase in secreted biologically active VEGF protein from cells exposed to hypoxia is partly because of an increased transcription rate, mediated by binding of hypoxia-inducible factor-1 to a hypoxia responsive element in the 5Ј-flanking region of the VEGF gene (7, 11, 12) and also because of an increase in VEGF mRNA stability (6, 13) , probably because of binding of the RNAbinding protein HuR (14) . In addition, an internal ribosome entry site ensures efficient translation of VEGF mRNA even under hypoxia (15) . In vivo, VEGF expression is clearly induced in hypoxic regions in the vicinity of tumor necroses (16) (17) (18) and VEGF up-regulation has been demonstrated in various models of ischemia in brain (19, 20) , heart (21, 22) , and lung (23) . Thus, hypoxia has been identified as a stimulus for induction of VEGF in pathological situations. In addition, hypoxia-induced VEGF seems to be an important driving force during embryogenesis, for example during development of the retinal vasculature (24) . It is unclear, however, whether VEGF is hypoxia responsive in more physiological situations, such as adaptation to high-altitude exposure and chronic hypoxia. Indeed, studies using hypoxemic or hypobaric hypoxia have yielded conflicting results concerning VEGF inducibility by tissue hypoxia in vivo (25, 26) . Furthermore, little is known about the regulation of VEGF receptor expression. VEGFR-1 and VEGFR-2 seem to be relatively confined to endothelial cells (27, 28) . Both receptors are expressed during embryonic development but are down-regulated in most adult tissues when angiogenesis ceases (27, 28) . Hypoxia has also been proposed to play a role in the regulation of VEGF receptor expression (29, 30) . However, results concerning inducibility by hypoxia of both VEGFR-1 and VEGFR-2 are contradictory (31) (32) (33) .
Therefore, we aimed to investigate the hypoxia inducibility of VEGF and its receptors in vivo by exposing adult mice to hypoxemic hypoxia. We show a distinct cellular expression pattern and the inducibility of these genes in different organs during normoxia and hypoxia.
binding sites of hemoglobin for oxygen are blocked, or to 6% oxygen for 6 hours, or were kept at room air as described (34, 35) . Mice were then killed by decapitation. Tissues (brain, heart, lung, liver, kidney, and testis) were harvested and immediately frozen in liquid nitrogen.
RNA Extraction and Northern Blot Analyses. Total RNA was extracted and used for Northern blot analysis as described (36) . The signal on the membrane was quantified by using a Bio-Imaging Analyzer (BAS-2500, Fuji). The VEGF probe has been described before (34) and the probes for mouse VEGFR-1 and VEGFR-2 were a kind gift from G. Breier (Max Planck Institute, Bad Nauheim, Germany). The cDNA probe for chicken ␤-actin (6) was used for correction of RNA loading.
Reverse Transcription-PCR (RT-PCR). Total RNA (2 g) from normoxic and hypoxic organs was reverse-transcribed by using GIBCO's reverse transcriptase system. One-tenth of the reaction mixture was used as template for PCR amplification with the primers 5Ј-GCGGGCTGCCTCGCAGTC-3Ј (sense) and 5Ј-TCACCGCCTTGGCTTGTCAC-3Ј (antisense), respectively, corresponding to base pairs 16-33 and 659-640 of the mouse VEGF cDNA sequence [numbering according to (37) ]. RT-PCR products were 716 bp (VEGF 188 ), 644 bp (VEGF 164 ), and 512 bp (VEGF 120 ), respectively. The amplification profile was 94°C for 1 min, 65°C for 1 min, and 72°C for 1.5 min for 30 cycles.
In Situ Hybridization and Immunohistochemistry. The techniques used for in situ hybridization were essentially as described (38) . cDNA clones of mouse VEGF (38) , VEGFR-2 (27) , and VEGFR-1 (28) were used to generate 35 S-UTPlabeled single-stranded RNA probes. Slides coated with Kodak NTB-2 emulsion (Eastman Kodak) were developed after 12-21 days and counterstained with 0.02% Toluidine Blue. PECAM-1 immunohistochemistry using MEC 13.3 antimouse PECAM-1͞CD31 antibody was performed as described (39) . To map hypoxic regions of various organs in vivo, 250 l of 10 mM, 2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-pentaf luoropropyl)acetamide (EF5) (40) was administered intravenously before exposure to hypoxia or normoxia. Immunofluorescence for EF5 with Cy3-conjugated ELK3-51 monoclonal antibody was performed as described (40, 41) .
RESULTS AND DISCUSSION
Systemic Hypoxia Induces VEGF Expression in Mouse Tissues. VEGF mRNA was present in all normoxic mouse tissues tested, as demonstrated by Northern blot analysis (Fig.  1A) and RT-PCR (Fig. 1B) . Expression of VEGF mRNA was most abundant in lung, followed by kidney, heart, liver, and brain. The weakest signal was detected in testis. The distribution pattern in mouse tissues reported here is similar to that observed for rat, guinea pigs, and humans (42, 43) .
To test whether VEGF is regulated by tissue hypoxia in vivo, mice were exposed to either 6% oxygen for 6 hours (hypoxemic hypoxia) or to 0.1% CO for 6 h, resulting in functional anemia and subsequent tissue hypoxia. Northern blot analysis revealed that hypoxemic hypoxia was a stimulus for VEGF mRNA expression in all organs analyzed (Fig. 1 A) . VEGF mRNA was induced 4-fold in the brain, 3-fold in testis, and about 2-fold in heart, lung, kidney, and liver compared with normoxic controls (normalized to ␤-actin). Induction by CO gave essentially the same results (data not shown). RT-PCR experiments revealed that all three VEGF isoforms known to be expressed in the mouse (38, 44) were induced by hypoxia, albeit to various degrees (Fig. 1B) . Results from a recent report have suggested that systemic hypoxemia was not a significant stimulatory factor for VEGF gene expression in vivo (25) . In that study, rats were exposed to 8% oxygen. Thus, differences in the severity of hypoxia (i.e., 6% vs. 8% oxygen), exposure time, species reaction, and RNA analyzing techniques may account for this discrepancy. Furthermore, VEGF expression in brain was not analyzed in the aforementioned study, while we found the most striking increase in VEGF mRNA in this organ. Our results partially agree with a study where an increase in VEGF gene expression in kidney and brain was shown after hypoxic exposure (26) . However, VEGF induction in liver and heart was found only after CO treatment and not after exposure to a reduced oxygen concentration. We found essentially the same induction levels as measured by quantitative Northern blot analysis when comparing stimulation by 6% oxygen and 0.1% CO.
Hypoxia Changes the Organ-Specific Cellular Distribution of VEGF Expression. To identify cellular localization of VEGF mRNA expression in normal and hypoxic tissues, in situ hybridization with mVEGF riboprobes was performed. Clear differences were seen in the cellular expression patterns in the various organs. In principle, we observed two different responses. First, there was a uniform increase in VEGF expression throughout the organ in the same cell types that expressed VEGF already under normoxic conditions, e.g., in the heart and lung. VEGF was very weakly expressed in a subset of myocytes, homogeneously spread throughout the heart (Fig. 2  a and c) . After exposure to 0.1% CO (hypoxic exposure) more myocytes expressed VEGF mRNA, and the amount of VEGF gene expression per cell also increased (Fig. 2d ), leading to a general up-regulation of VEGF mRNA throughout the heart (Fig. 2b) . In the lung, VEGF expression was scattered throughout the organ. A relatively strong labeling was observed under normoxic conditions at the luminal surface of alveolar walls, mostly in alveolar epithelial cells as previously described (23, 43) . After hypoxic exposure, VEGF expression increased slightly but homogeneously in all regions of the lung, mostly in alveolar epithelial cells (not shown). No significant expression was observed in the endothelium or in cartilaginous structures, as previously reported (42) .
Secondly, we noticed a rather unexpected redistribution of VEGF expression concerning either the localization within the organ or the cell type, which expressed VEGF mRNA when comparing normoxia and hypoxia. Throughout the brain, a low level of VEGF expression was observed in glial cells (Figs. 3a  and 7b ). Higher hybridization signals were detected in epithelial cells of choroid plexus (Fig. 3b) , associated with endothelial cell fenestrations and vascular permeability (38, 42, 43) , and in the cerebellum (not shown). Strongest expression of VEGF was found in the olfactory bulb, specifically in the glomerular and granule layers (Fig. 3e) . Under hypoxic conditions, how- ever, VEGF expression was strongly increased in glial cells (Figs. 3 b and d and 7f ) , and was now also detectable in neuronal cells within hippocampus and dentate gyrus (Fig. 3b) . By contrast, expression levels in the epithelial cells of the choroid plexus decreased (Fig. 3d) . Previously, chronic hypoxia had been shown to lead to an increased vascular density in the brain (45, 46) . Therefore, reduced oxygen levels may induce angiogenesis in the adult brain by up-regulating VEGF, most likely in astrocytes. VEGF expression in cultured astrocytes has been reported before (9, 34) . VEGF expression was also augmented in the cerebellum (not shown) and the olfactory bulb (Fig. 3f ) . Whereas expression in the cerebellum has been reported before (42) , this is the first study to describe VEGF expression in the olfactory bulb, where VEGF mRNA levels were the highest detected in the brain. The functional role of VEGF expression in neurons in the hippocampus and in the olfactory bulb, apart from inducing permeability and angiogenesis, remains to be identified. However, it is noteworthy that neuropilin-1, a receptor for collapsin͞semaphorins involved in neuronal guidance in the brain, has very recently been identified as a receptor for VEGF (47) . In addition, VEGFR-2 has been shown to be expressed in neural progenitor cells of the retina (48) , and expression of VEGFR-1 was found on reactive astrocytes after VEGF stimulation (49) . Thus, VEGF may have an important function within the central nervous system for neurogenesis, neural guidance, or for the interaction between neurons and glial cells.
Testis represents an example of a complete switch in the cell type expressing VEGF. In general, VEGF expression in testis was very low and barely detectable by Northern blot. By in situ hybridization, however, we found VEGF expression in normoxic testis predominantly in germ cells within the seminiferous tubules (Fig. 4 a and c) . In contrast, after hypoxic exposure, Sertoli cells, which line the border of the seminiferous tubules, became the most prominent VEGF-expressing cell type (Fig. 4 b and d) . These results suggest that regulation of VEGF expression differs from one cell type to another during hypoxia. However, we did not detect VEGF expression in Leydig cells as has previously been described for human testis (50) . The function of VEGF in these cells remains unclear, although it has been suggested that VEGF produced by Sertoli cells might induce and maintain fenestrations in testicular capillaries (50) .
A restricted pattern of VEGF expression was also found in kidney and liver. In the kidney, in situ hybridization revealed that VEGF was expressed predominantly in glomeruli (Fig. 5  a and c) , where it is believed to be involved in the maintenance of endothelial cell fenestrations (42), but a low level of expression was also detected in periglomerular cells in the renal cortex and in the medulla (Fig. 5a) . In hypoxic kidneys, VEGF expression was strikingly increased in the inner medulla (Fig. 5b) , where it may induce angiogenesis after the hypoxic stimulus, whereas expression levels in the glomeruli were strikingly decreased (Fig. 5d) .
In the liver, VEGF expression was evenly distributed throughout the organ under normoxic conditions in hepatocytes (Fig. 6a) . This constitutive expression is thought to be responsible for the extreme permeability of the endothelial cells lining the hepatic sinuses (42) . The expression pattern in livers isolated from hypoxic animals showed a redistribution rather than a general induction (Fig. 6b) . VEGF expression was increased around central veins and diminished around periportal fields (Fig. 6 c and d) . 25 (a, b, e-h); ϫ250 (c, d) . 25 (a, b, g, h); ϫ25 (e, f ); ϫ50 (c, d) . immunostaining and serve as a marker of hypoxia (40, 41) . As shown in Fig. 6f , hypoxic exposure resulted in strong EF5 staining in the liver with the maximum around central veins, indicating the most hypoxic area. These regions coincided well with VEGF gene expression, suggesting tissue hypoxia as the stimulus for VEGF gene induction. The EF5 staining in normoxic control liver was much weaker and more diffuse (Fig. 6e) . There was, however, a slight tendency for increased staining around the central veins, probably reflecting the physiological oxygen gradient from the arterial (periportal) to venous (central vein) vasculature. These results strongly confirm the importance of hypoxia as a stimulatory factor for VEGF expression in vivo.
VEGF Is Not Expressed in Endothelial Cells. The general concept suggests that VEGF is expressed in parenchymal cells adjacent to vessels to stimulate endothelial cells in a paracrine fashion by means of its receptors. However, results from various in vitro studies suggested endothelial cells as a production site for VEGF and thus postulated an autocrine mechanism of action (12, 51) . We therefore analyzed whether endothelial cells in vivo can express VEGF mRNA. Fig. 7 shows brain cortical microvessels as an example. Endothelial cells did not express VEGF mRNA, either under control conditions ( Fig. 7 a and b) or under hypoxia ( Fig. 7 e and f ) . On the other hand, the adjacent glial cells did express VEGF and increased its expression level during hypoxic exposure ( Fig. 7 e and f ) , thus clearly demonstrating a hypoxic response of the tissue. The vessels, though, were clearly positive for VEGFR-1 ( Fig. 7 c and g , and see below) and PECAM-1 ( Fig.  7 d and h) , two endothelial cell markers. Thus, although many different cell types have the capacity to express VEGF, endothelial cells were not observed to do so in vivo as analyzed by in situ hybridization, either under normoxic or hypoxic conditions in any of the organs analyzed (brain, kidney, liver, heart, lung, and testis). These results suggest that under normoxia and hypoxia in vivo VEGF acts in a paracrine rather than autocrine manner.
VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1) Are Differently Expressed in Adult Mouse Tissues. Although both VEGFRs are down-regulated in most adult organs where angiogenesis has ceased (27, 28) , we found an abundant but differential expression in various organs of adult mice as analyzed by Northern blot (Fig. 1 A) and in situ hybridization. In the brain, VEGFR-1 expression was most prominent in endothelial cells of cortical vessels (Figs. 3g and 7c) , but was also found in the choroid plexus (Fig. 3g) . In contrast, VEGFR-2, which was strongly expressed in the plexus, was found only in a small subset of VEGFR-1-positive vessels (Fig. 3i) . A difference in the expression pattern for the two VEGF receptors was also found in the kidney. Whereas VEGFR-1 was predominantly expressed in peritubular vessels of both kidney cortex and medulla (Fig. 5e ), VEGFR-2 expression was most prominent in glomerular endothelial cells (Fig. 5g) . In heart, liver and lung, VEGR-1 and -2 colocalized in vascular structures (data not shown).
Hypoxia Induces VEGFR-1 (Flt-1) but Not VEGFR-2 (Flk-1) Expression in Vivo. Hypoxia has been proposed to play an important role also in the regulation of VEGF receptor gene expression. We therefore analyzed expression of both receptors in hypoxic mouse organs. Northern blot analysis showed that VEGFR-1 was clearly inducible in lung, heart, and brain, while VEGFR-2 was not (Fig. 1 A) . At the cellular level, VEGFR-1 expression was induced in cortical microvessels, but not in the choroid plexus (Figs. 3h and 7d) . In the liver, VEGFR-1 expression became also more evident in hypoxic animals and was elevated in sinusoidal endothelial cells located near central veins, thus showing the same regional distribution as VEGF (Fig. 6h) . In kidney, VEGFR-1 expression became more prominent in the cortex under hypoxia and was now extended into the medulla (Fig. 5f ). In contrast to brain, liver, and kidney, VEGFR-1 expression was induced more homogeneously throughout the organ by hypoxia in heart (Fig. 2f ) and lung (not shown). By contrast, VEGFR-2 was not inducible by hypoxia in any of the organs tested, but rather decreased in the expression level (Figs. 1 A, 3k, and 5f ). Thus, the responsiveness of these receptors to hypoxia was strikingly different. Previous reports demonstrating hypoxic induction of VEGFRs have been contradictory (23, (29) (30) (31) . Several reports have shown an up-regulation of VEGFR-2 when endothelial cells were exposed to hypoxia in vitro (29, 30) , although no induction at the transcriptional level was observed (30) . However, our results are in line with a study demonstrating the induction of VEGFR-1, but not VEGFR-2, in the lung after systemic hypoxia (31) . In addition, a hypoxia responsive element in the promoter of VEGFR-1, but not of VEGFR-2, has recently been identified and demonstrated to be involved in the hypoxia-induced transcription of VEGFR-1 in vitro (33) .
In summary, adaptations to hypoxia, defined as an imbalance between the oxygen delivery to and the demand of a given tissue, may, among other compensatory mechanisms, involve new vessel growth to provide enough oxygen and nutrition for the suffering tissue. Regarding VEGF expression, we have identified two different ways in which cells react to hypoxic exposure in vivo. Cells at sites where VEGF expression is associated with constitutive endothelial cell functions, e.g., fenestrations in choroid plexus and kidney glomeruli, decrease VEGF expression, whereas cells at sites where angiogenesis is expected to occur as a compensatory mechanism to tissue ischemia, such as glial cells, heart myocytes, and tubular cells in kidney medulla, respond to hypoxia by a marked increase in VEGF gene expression. Thus, endothelial cell maintenancerelated VEGF expression is rather unresponsive to hypoxia, whereas angiogenesis-related VEGF gene expression appears to be tightly regulated by oxygen and directed to the most hypoxic regions to allow new vessel growth and subsequent improvement of tissue oxygenation. Together with hypoxiainduced expression of VEGFR-1, this system enables a tight balance of physiological angiogenesis. Formation of new capillaries causes an increase in oxygenation with a concomitant down-regulation of VEGF expression, thus limiting the hypoxic stimulus. This concept may be applicable to situations where increased angiogenesis is desired to counteract situations of chronic hypoxia (45, 46) or ischemic lesions, as in myocardial infarction, hindlimb ischemia, and cerebral isch- -field (a, e) and dark-field images (b, c, f, g ) from in situ hybridization experiments and immunohistochemistry images (d, h). Note that endothelial cells do not express VEGF.
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